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Flexible diamond-like carbon films on rubber: On the origin of self-acting segmentation and film flexibility
Introduction
Rubber seals are widely used in lubrication systems and bearings to avoid leakage of lubricants and to prevent dirt and water entering the system. With its excellent elasticity, rubber can absorb mechanical impact and seals well in dynamic contact. However, rubbers exhibit very high coefficients of friction (CoF) when sliding against most engineering materials (CoF = 1-6), being the major source of friction in lubrication systems or bearings where dynamic rubber seals are employed. Furthermore, the rubber surface can be easily damaged at high sliding velocity and tends to adhere to the counterpart. Under heavy working conditions, rubber seals are subjected to severe wear leading to an increase in clearance, which is often the cause of loss of function and failure of the lubrication system. Applying a wear-resistant coating with low friction is an advanced solution to enhance the performance of rubber seals [1] [2] [3] .
For a rigid protective film deposited on compliant substrates such as rubbers, the most critical issues that determine the performance of the entire system are the flexibility of the film and interfacial adhesion. Sufficient flexibility of the protective film is required to adapt large deformations of rubber substrates under loading and can be achieved through film segmentation. Strong adhesion is a prerequisite, ensuring that the segments of the film adhere well to the rubber substrates and maintain functionality under loading condition. In particular, the combination of flexibility and strong adhesion is crucial for diamond-like carbon (DLC) films coated on dynamic rubber seals where cyclic and large elastic deformation may be exerted.
In the past, a tile-like patterned film on rubber was proposed and deposited by using a net mask in front of the substrate [1] . However, there are technical problems with this approach: the size of the film segments is limited to the sub-millimeter range, and there are open gaps of at least tens of micrometers (equal to the thickness of the grid) between the film segments. Experimental results revealed that the impact between the asperity on the surface of the sliding counterpart and the sharp edges of the open cracks in the films produced a large amount of debris that led to high friction and severe wear of the coated rubber [2] .
In this paper, we report another approach for depositing microsegmented DLC films of superior flexibility on rubber. The novelties are that the segmentation process of the DLC films is self-acting and self-adjusting throughout the deposition, and that the size of the film segments separated by the close crack network can be controlled well at much smaller length scales. The mechanism of formation of the crack network during deposition is examined and presented. The interfacial adhesion strength and flexibility of the DLC films are also investigated with in situ scanning electron microscopy (SEM) tensile tests.
Experimental procedures
Hydrogenated nitrile butadiene rubber (HNBR) sheet of 2 mm thickness was used as the substrate in this work. The brownish HNBR substrates, 45 Â 45 mm 2 in size, were first cleaned with a solution of detergent (Superdecontamine 33 from N.V. Intersciences S.A., Brussels) in an ultrasonic cleaner and then rinsed with demineralized water. Thereafter, wax removal was carried out in an ultrasonic tank with hot demineralized water (90-95°C) [3] . This washing process with hot water was repeated three times. Next, the HNBR substrates were dried in a centrifugal machine and then heated up to 120°C for 15 min in order to evaporate all the absorbed water. The substrates were subsequently cooled to room temperature in ambient air before being loaded into the deposition chamber. The instrumental modulus of the HNBR rubber, as determined by a method described elsewhere [4] , is 10.2 MPa and its surface roughness is 0.35 lm, as measured after wax removal using laser confocal microscopy. The HNBR has a typical coefficient of thermal expansion of 1.8 Â 10 À4 K À1 . Plasma cleaning of the rubber substrates and deposition of DLC films were carried out in a Teer UDP400/4 closedfield unbalanced magnetron sputtering system with all four magnetrons powered off. A pulsed DC power unit (Pinnacle plus, Advanced Energy) was used for substrate bias source, operating at 250 kHz and 87.5% duty cycle. The HNBR substrates were cleaned by Ar plasma for 30, 35, 40 and 45 min at bias voltages of À600, À500, À400 and À300 V, respectively. During the last 10 min of the plasma cleaning, hydrogen gas was added (50%) for reactive plasma cleaning to enhance the interface adhesion of DLC films. Immediately after the plasma cleaning treatment, DLC films were deposited by plasma-assisted CVD (PACVD) at pulsed DC bias voltages of À300, À400 and À500 V for 120, 60 and 45 min, respectively, to reach the same film thickness of 300 ± 20 nm. The films are thus named as DLCxxx-yyyV or DLCxxx-yyy/zzzV, e.g. DLC600-400 V and DLC300-600/400 V, where xxx is the substrate bias voltage (in volts) used in the plasma cleaning and yyy (zzz) is the bias voltage for the deposition. It is common practice for the electric power (pulsed DC, DC, rf, etc.) applied to bias the substrate and to maintain the plasma in PACVD to be operated in voltage-control mode, so we did this too. The total power is proportional to the coating load (namely the amount or the size/area of the substrates) and is affected by the conductivity of the substrate material. Therefore, the power is not a very indicative parameter for the PACVD process when different loads are used to coat batches and or different coating rigs are used. Rather, the primary parameter of PACVD is the substrate bias voltage that determines the intensity of the plasma. The ratio of gas flow rates was set at Ar:C 2 H 2 = 3:2, with a constant process pressure of 3 Â 10 À3 mbar. However, as the inlet pipeline was also used for acetylene, residual hydrogen might be present for the first 10 min of deposition, during which time the growth of the DLC film was only minor. The HNBR substrates were rotated at a revolving speed of 3 rpm during the deposition. The substrate temperature during the plasma etching/deposition was measured in situ with a thermocouple inserted into the rubber sheet substrate.
The flexibility and adhesion strength of the DLC film were examined via in situ stretch tests on coated specimens of gauge section dimensions 10 Â 3 Â 2 mm 3 , with a homemade tensile stage installed in a Philips XL-30 FEG scanning electron microscope. The surface morphology and microstructure of DLC films on rubber were characterized by means of SEM, with the fracture cross-sections of DLC film-coated rubber samples made after being cooled in liquid nitrogen for 10 min.
Results

Temperature variation of rubber substrates in deposition
The measured temperature evolution of rubber substrates during plasma cleaning and successive deposition is shown in Fig. 1 . The temperature variation (DT) of HNBR substrates during deposition is related to the bias voltage used for the PACVD process and the substrate temperature at the beginning of deposition. The plasma is considered as the 'hot body' whose temperature (T plasma ) is constant and dependent solely on the bias voltage applied. The heat flow from the "hot" plasma to the "cold" substrate, which changes the temperature of the substrate as a result, depends on the temperature difference between the plasma and the substrate. From the Fourier heat conduction equation, the temperature of a rubber substrate under plasma treatment follows
where T 0 is the initial temperature of rubber substrate and t represents the time of treatment. The measured substrate temperatures vs. time of plasma treatment (cleaning and deposition) can be fitted well by Eq. (1), as indicated by the solid curves in Fig. 1 . By finding the exponential factor K for different rubbers, various amplitudes of DT can be readily designed for the control of segmentation (as to be discussed in the following sections) by changing the bias voltage against deposition time. For instance, negative DTs of different amplitudes were obtained by applying a lower substrate bias voltage than the one used for plasma cleaning (Fig. 1a) . Vice versa, positive DTs of different amplitudes were generated by increasing the substrate bias voltage during deposition (Fig. 1b) . Moreover, positive and negative DTs can be combined to realize a more complicated temperature profile in a single deposition process ( Fig. 1c) , which may be used to control the flatness of the DLC film segments, as shown in the next section. It should be pointed out that, technically, external heating and/or cooling can also regulate the temperature profiles of the substrates for the same purpose.
Self-segmentation of DLC films and segment shape
The surface morphology of DLC thin films on HNBR deposited under varying substrate temperature is characterized by crack networks, as shown in Fig. 2 . The effective temperature variation exposed during deposition governs the expansion or shrinkage of the rubber substrates, and thus the mismatch stress in a growing DLC film, which in turn determines the spacing of the crack network or the size of DLC film segments. It is understood that a positive DT or tensile stress in the growing DLC film leads to the formation of a crack network once the stress is beyond the strength of the DLC film and that the size of the film segments is related to the amplitude of DT (see Fig. 2a and b). In contrast, a negative DT or compressive stress results in the formation of wrinkles and, due to bending fracture, also eventually leads to a crack network whose density is likewise governed by the amplitude of DT ( Fig. 2c and d) . Fig. 3 plots the average size of the DLC film segments (or equivalently the average spacing of crack network) vs. the absolute value of the temperature variation DT. It is clear that a larger value of DT yields smaller segments of DLC film. Moreover, the size of the DLC film segments can changed over a wide range, from hundreds to tens of micrometers, by regulating the DT of the rubber substrate during plasma deposition.
The surface morphology of the film segments reflects the different states of deformation: the film segments formed under a tensile misfit stress (positive DT) are rather flat (see Fig. 4a ), whereas those generated under continuous compression (negative DT) are convexly curved, as shown in Fig. 4b . It is noteworthy that, in both cases, the edges of all the segments bend inwards and thus form a crackgroove network. The geometry of such a crack-groove network surrounding the DLC film segments is attributed to the final shrinkage of rubber substrate as it cools down to room temperature after deposition has finished. When the segments adhere strongly to the rubber substrate, they are pushed against each other during the shrinkage of the rubber substrate and bend inwards along the edge where the highest compressive strain occurs. It must be emphasized that the inwardly bent edge of the DLC film segments and the close crack network are crucial for avoiding the impact between the surface asperities of the sliding counterpart and the otherwise sharp edges of open cracks in a film, thus preventing the formation of a large amount of wear debris that can cause wear and high friction in practical applications [2] . In addition, the groove network may also serve as a microreservoir for lubricants for dynamic rubber seals in heavy work conditions. Fig. 4c shows a close-up view of a typical fracture cross-section of a DLC film that exhibits a columnar structure and conforms to the rough surface of the rubber substrate.
Flexibility and adhesion strength of DLC films
An in situ SEM tensile test was used to examine the flexibility and adhesion strength of the DLC films on HNBR rubber. Fig. 5 presents the evolution of fracture patterns in a DLC400-400 V film with applied tensile strain. Up to 4% tensile strain, no fracture crack was observed to nucleate in the DLC film segments; rather, elongation, rotation and translation of the segments occurred, indicating that the DLC film with a 188 lm segment size exhibits a strain tolerance of $4% without the formation of fracture cracks. At about 4.5% tensile strain, new longitudinal cracks parallel to the loading direction first occurred in large DLC segments attributed to the crease induced by transverse compression of the rubber substrate. At 5% strain, the first transverse fracture crack appeared, as shown in Fig. 5b , where an overlay of dashed line network indicates the original crack network prior to deformation, revealing the expansion, rotation and translation of the DLC film segments mentioned above. With further increasing tensile strain ( Fig. 5c and d) , more new fracture cracks (both longitudinal and transverse) formed and the previously formed transverse cracks continuously opened. At 50% tensile strain, the largest opening of transverse cracks reached several micrometers, about half of the average length of the fractured patches, as shown in Figs. 5e and 6a and b. In the open cracks, the underlying rubber substrate was locally pulled out and stretched to form a fiber texture with large elongated voids due to stress localization (see Fig. 6b ). It is noteworthy that the longitudinal creases did not lead to the formation of debonding film "bridges", as observed in the DLC film deposited on PET sheet [6] , due to the substrate buckling under straining. Instead, the DLC film adhered tightly over the buckled surface of Size of film segments (µm)
ΔT (°C) Fig. 3 . Size of DLC film segments vs. the absolute value of effective temperature variation of the rubber substrate during deposition.
HNBR rubber and was creased to form close cracks with the edges bent inwards, driven by the transverse compression of rubber substrate, as shown in Fig. 6b and the inset. After unloading, the DLC film segments touched each other and all the cracks closed again: see Figs. 5f and 6c, where the transverse and longitudinal fracture cracks, in brighter contrast, intersect each other in comparison with the irregular growth crack network, in dark contrast. The most important message of the tensile tests is that the fractured DLC film patches or segments do not debond even under such a large deformation, indicating superb interface adhesion and flexibility. The strain tolerance of DLC films is mainly related to the average size of the DLC film segments and the compression strain built up during the cooling phase of coated rubber substrates after deposition. The DLC films with finer segments exhibit greater strain tolerance, about 7% in the case of DLC400-300 V film with an average segment size of 45 lm. It is understandable that a denser growth crack network in the DLC film may accommodate a larger applied strain (before the formation of fracture cracks) in several ways: flattening of the curved film segments, and especially the bent segment edges, to release the residual compression strain built up in deposition, and the elongation of DLC film segments via the loosening of column boundaries and the opening of a dense growth microcrack network. As the strain increased beyond the strain tolerance (e.g. 8% in Fig. 7b ), transverse fracture cracks occurred in the DLC film segments. With further increasing strain, more transverse fracture cracks formed and continuously opened ( Fig. 7c and d) . However, longitudinal cracks rarely formed below 50% strain (Fig. 7e) . The reason for this was that the much finer film segments and the denser growth cracks facilitate transverse buckling of the rubber substrate. To adapt the large transverse compression of the rubber substrate, the fine film segments just needed to curve further along the transverse direction. Apart from the transverse fracture cracks, the surface morphology of the stretched DLC film of fine segments shows little change from the original one after unloading from 50% tensile strain (see Fig. 7f and a) , indicating ever better flexibility than that of DLC films of larger segments. In particular, there was no debonding of the fractured film patches.
Upon tensile straining, a shear stress s(x) is developed at the interface of DLC film and the rubber substrate, and causes a tensile stress r(x) in the film segments, x being the distance from the segment edge. When the strain is sufficient, the tensile stress reaches the ultimate tensile strength r 0 of the DLC film and induces transverse fracture of the film segments, as observed in the tensile experiments. Fracture can occur anywhere in the segments except within a distance l c from the edges, where the tensile stress increases to the maximum from zero at the edge. For an overview of the theoretical models of the shear stress and tensile stress distribution in the film segments, one is referred to previous work [5, 6] . Many transverse cracks form until the segments are divided into fracture patches such that the last patch to crack and the first patch to debond have approximately the same length l d . The length distribution of the fracture patches at the final stage of straining is from l d /2 to l d . By measuring the length l d of the fracture patches, the interfacial shear strength of a DLC film can be readily estimated according to the analytical model [5, 6] :
where t is the thickness of the DLC film. For normal distribution of the patch lengths between l d /2 and
, with L the average length of the fracture patches, which can be easily measured on SEM micrographs. Fig. 8 shows the length distribution of the fracture patches of DLC400-400 V and DLC 400-300 V films stretched to 50% strain, with average patch lengths L of 14 and 12.8 lm, respectively. Apparently, the spread of the patch lengths in both the strained films is much larger than 2-fold, with the ratio of the maximum length to the minimum length being about 6-7. This is mainly attributed to the growth defects of the DLC films induced by the rough surface of the rubber substrate and the filler particles exposed on the rubber surface. On the other hand, the minimum patch length of both films is 5 ± 0.5 lm, as measured at a high sampling frequency, and can be considered as l d /2. Assuming r 0 = 1.67 GPa for the DLC films [6] , the interfacial shear strength of the two films with the same plasma treatment is estimated to be 108-200 MPa according to the measured l d ¼ 4 3 L and the minimum patch length (l d /2). This shear strength is high and ensures strong adhesion of the DLC film segments to the HNBR substrate, with no debonding even under huge deformation, as observed in the tensile tests. It is noteworthy that the DLC film of the finest segments has an average segment size (19 lm) close to those of fracture patches formed at 50% strain (12.8-14 lm) . This means that the finest film segments are very flexible and hardly fracture under large deformation, e.g in a tribo-test wear track.
Discussion
The size of the film segments is related to the thermal mismatch strain, which depends on the DT exposed on the rubber substrate during deposition. The thermal mismatch strain between a DLC film and its rubber substrate arises due to the considerable difference in their coefficients of thermal expansion (CTE, a) and is usually described as:
where the subscripts f and s indicate the film and substrate, respectively. The crack spacing of a film having identical elastic properties as the substrate can be estimated as [8] :
where C f and t f are the fracture energy and thickness of the film, and e 0 is the applied strain or mismatch strain. For DLC film-coated rubber where the two materials have rather different elastic properties, the effective modulus E for equal biaxial stress condition needs to be modified to take into account the differences in properties and the thickness ratio between the DLC film and the rubber substrate [9] :
where E is the modulus, m is Poisson's ratio and t is the thickness of the DLC film or the rubber substrate. Inserting Eqs. (3) and (5) into Eq. (4) yields [10] :
Consequently, the crack spacing is inversely proportional to DT, and also related to the fracture energy, effective modulus and thickness of the DLC film. To verify the validity of Eq. (6), C f = 35 J m À2 for DLC films [11, 12] is used (other physical constants are listed in Table 1 ). We thus estimate the average crack spacing (equal to the average size of the film segments), and a good agreement between experiment and theory is attained, as seen in Fig. 3 . The small deviation of the data points from the theoretical curve at large DT can be mainly attributed to the creep of polymer chains under high stress, so that the size of film segments observed is slightly larger than the predicted value.
It is anticipated that the cracks originate in the early stage of DLC film growth due to the thermal mismatch stress once a critical thickness is reached [8, 13] , then grow continuously with increasing film thickness. However, the cracking mechanisms of DLC films are different under tension and compression. With the thermal expansion of rubber substrate during a temperature rise (positive DT), which puts the growing DLC film under tension as schematically shown in Fig. 9a , the DLC film divides into microscaled segments at moment t 1 once it grows to the critical thickness at which the tensile stress reaches the ultimate strength of the DLC film. As the thermal expansion of the rubber substrate and deposition continue, the crack network surrounding the segments opens and the film segments grow both upwards and laterally. Since the rate of the temperature variation drops with deposition time as it approaches the equilibrium temperature but the deposition rate remains constant, the newly deposited DLC layer may bridge some of the cracks and combine a number of segments to form larger ones during the later stages of deposition, e.g. from moment t 3 to moment t 4 . This means that the final size of the film segments is larger than the size of the initial ones. After the deposition is finished, the DLC film-coated rubber contracts during cooling from the equilibrium deposition temperature to room temperature. The film segments touch and push against each other, leading to the inward bending of the crack edges (see the last sketch at the finish t f in Fig. 9a ). The film segments themselves are relatively flat, and traces of the bridged cracks surrounding the initial smaller segments are visible, as shown in Figs. 2b and 4a. In contrast, the rubber substrate continuously contracts with decreasing temperature (negative DT) and brings the growing DLC film under compression, as shown in Fig. 9b . Once the compressive stress is high enough, the growing thin film becomes mechanically unstable and creases to form wrinkle cracks, which divide the film into segments at moment t 2 . With continuous growth and compression, the film segments curve continuously. In the last phase of cooling to room temperature after the finish of deposition, the film segments curve further. It is notewor- thy that the size of the segments does not increase from the initial one in this case, but, rather, becomes smaller if some of the segments fracture at their midpoint due to overbending. It is clear that the rate of temperature decrease in the early stage of deposition affects the final size of the film segments to a large extent. Based on this understanding of the different cracking mechanisms, a temperature change regime combining both positive and negative DTs together in a single deposition run could be used to control the size, curvature and edge bending extents of the film segments, as achieved in Fig. 2d .
The self-acting segmentation mechanisms are of importance for applications since the segment size of DLC films is on the micrometer scale and tunable. In this way we can control the density of the crack network or wrinkles without needing to use a net mask, as proposed in earlier work [1] . In particular, the cracks are closed and their edges bend inwards (see Fig. 4 ), which are crucial for preventing the formation of a large amount of wear debris that can cause wear and high friction in practical applications [2] .
Conclusions
In summary, flexible DLC films of micrometer-scale segments have been deposited on HNBR rubber via self-acting segmentation. The size of the film segments can be tuned by controlling the temperature variation of the rubber substrate during deposition. The analytical description of crack spacing gives a good estimate of the segment size (equivalent to the crack spacing) and is a guide for the structural design of segmented DLC films for different applications. Clearly the dense crack network contributes to better flexibility and the ultralow friction of DLC filmcoated HNBR rubber. The model and the experimental approach of film segmentation have also been applied to other kinds of rubber substrates, such as alkyl acrylate copolymer and nitrile butadiene rubbers, and the results confirm its validity [7] . It can be concluded that this work provides generic design rules for the deposition of flexible and low friction films on dynamic rubber seals and an approach to drastically reduce energy consumption in bearings and lubrication systems. 9 . Sketch of segmentation mechanism in different regimes of temperature variation during deposition: (a) positive DT and (b) negative DT. The length of the arrow pairs is indicative of the thermal expansion or contraction rate of the rubber substrate at different moments of deposition from t 1 to t 4 . The cooling phase after deposition is from t 4 to t f .
